Strontium hexaferrite nanoparticles were synthesized by a microwave-assisted hydrothermal process.
. The particles exhibited a magnetic coercivity of 95 kA.m -1 (µ0Hc = 0.12 T), explained by the shape of the particles that crystallized as very thin platelets with a micrometer size diameter and a very high aspect ratio in which a competition between shape and magnetocrystalline anisotropy takes place. The coercivity was strongly enhanced with Hc = 360 kA.m -1 (µ0 Hc = 0.445 T) by annealing at the optimum temperature of 1000°C. In order to optimize the particle morphology and magnetic properties after annealing, the heating rate of the microwave synthesis was increased. At T = 200°C using a heating rate of 40 °C.min -1 the particle exhibited a size in the range 20 -100 nm. The powder crystallized as a mixture of hexaferrite and ferrihydrite. After annealing at 1000 °C, M-SrFe12O19 with a small amount of hematite (<15 %) was obtained. The coercivity was strongly enhanced to reach the value Hc = 465 kA.m -1
Introduction
Since their discovery in 1952 by the Philips Research Laboratory [1] , the M-strontium or barium hexaferrite (SrM: SrFe12O19 or BaM: BaFe12O19) has become the most widely used material for the manufacture of permanent magnets. This is due to their high magnetocrystalline anisotropy, good saturation magnetization, excellent chemical, thermal stability and low cost [2] . These properties depend on the structure, morphology and size of the particles [3, 4, 5, 6] . In the last few years, greatest interest was devoted to synthesize magnetic nanoparticles by the so-called ''chimie douce'' methods (sol-gel route, polyol process, solvothermal methods…) [7, 8] . These low temperature synthesis methods make possible the elaboration of stable magnetic oxides nanoparticles (NPs) with controlled size and shape for applications in the fields of magnetic recording or biology. The size and shape of the chemically synthesized nanopowders depend on several physico-chemical parameters such as the heating rate, temperature, pH of the reaction medium, and the atmosphere in the medium. The SrM hexaferrites have been synthesized by various methods like ceramic [9, 10, 11] , sol-gel [12, 13] , micellar medium [14, 15] , hydrothermal [16, 17, 18] , co-precipitation [14, 19, 20] , mechanosynthesis [21] and sonochemistry [22] . Less conventional methods of synthesis have been found like saltassisted ultrasonic spray pyrolysis (SA-USP) method [23] or the use of microwaves synthesis like microwave-induced combustion process [24, 25] and microwave-assisted calcination route [26, 27] .
The use of microwave for the synthesis of nanoparticles and nanostructured nanomaterials can present several interests compared to a classical heating [28] . For syntheses in polar solvent (water, polyol) the heating rate can be very high (up to 150°C.min -1 ) that can strongly modify the nucleation and growth steps. For syntheses in non-polar solvents (hexane, toluene), that are more or less transparent to the microwaves, a microwave assisted procedure can heat selectively the precursors [29] . The combination of microwave irradiation with hydro-or solvo-thermal conditions allows reaching ultrafast heating rates up to very high temperatures at relatively low autogenic pressures, which are favorable to access well-crystallized oxide inorganic nanocrystals under conditions [30] . This microwave assisted hydrothermal method has been studied for spinel ferrite particles with various compositions [31] and for BaM hexaferrites [32, 33] . Interestingly, the aging of iron oxyhydroxides under microwave irradiation may significantly differ to classical thermal heating [34] .
In the present work, quasi-pure strontium-iron oxides nanopowders were synthesized by microwave method in a single step at 200°C. The morphology, structure and magnetic properties are described.
In the second step, we show that an appropriate annealing improves the hard magnetic properties of the hexaferrite powders. Finally, the particle mean size was decreased playing upon the heating rate of the microwave synthesis and as a consequence the coercivity was increased significantly.
Experimental details

Synthesis
Iron (III) nitrate nonahydrate Fe(NO3)3.9H2O (Strem Chemicals) and strontium nitrate Sr(NO3)3 (Alfa Aesar) were dissolved in demineralized water in various ratios. The obtained solution was afterwards added drop by drop, under argon atmosphere, in an aqueous sodium hydroxide NaOH. In all experiments, iron (III) concentration in the solution after mixing was fixed at 0.8 M. The molar ratio R = Fe 3+ / Sr 2+ was fixed at 3 since lower Fe/Sr ratio significantly decreased the yield. The pH of the metal salt solutions was 0.8 and increases when sodium hydroxide was added, to reach a value in the range 7-10. The preparation of M-SrFe12O19 powders was sucessfull for pH = 10 or slightly higher than 10. At pH lower than 10 the obtained powders consist in pure or quasi pure hematite iron oxide Fe2O3 (Fig. S1, supplementary materials) .
These solutions were subsequently transferred in a Teflon beaker EasyPrep reactor and heated for one hour in a microwave oven CEM Mars 6 (2.45 GHz, maximum power 650 W). The heating temperature was varied in the range 150-200°C and the heating rate between 12 and 40°C.min 
Characterizations
The obtained powders were characterized by X-ray diffraction (XRD) on a PANalytical Empyrean diffractometer in the 2θ range 10-90°, using CoKα radiation (λ= 1.789/1.792Å). The unit cell parameters were refined by full pattern matching simulation [35] with the FULLPROF program [36] .
The full width at half-maximum (FWHM) Be(2θ) was corrected from the instrumental broadening . X-Ray line broadening may be caused by finite crystallite size and microstrains. In order to determine the contribution of these two factors the Williamson and Hall model was followed. We plotted B(hkl)×cosθ) vs (2sinθ) for all the peaks of the SrFe12O19 powders pattern. When the crystallite size is the only cause of peak broadening, B(hkl)×cosθ is independent of sinθ. In this case the WilliamsonHall plot can be fitted by a horizontal line and the mean crystallite size is deduced from the FWHM using the Scherrer formula. In case of anisotropic crystallite a large dispersion of the B(hkl)cosθ values is observed around a mean value. When the microstrains are also a cause of peak broadening, the slope of Williamson-Hall plot is no more zero. The microstrains are given by the slope of the B(hkl)×cosθ vs (2sinθ) curve and the mean crystallite size can be calculated using the B value extrapolated at θ = 0.
The raw particles morphology was studied by transmission electron microscope (TEM) at 100 kV with JEOL JEM1011 microscope. The particles were dispersed in ethanol and sonicated, one drop of the suspension was deposited on a carbon coated copper grid and the solvent was evaporated at room temperature under vacuum. Raw and annealed powders were observed by field emission gun scanning electron microscopy (FEG-SEM) using a JEOL JSM7800F microscope. Energy Dispersive X-Ray Spectroscopy (EDS) analyses were performed using a SDD Bruker detector coupled with the SEM operating at 30 kV.
The magnetic measurements were carried out using Quantum Design Physical Property Measurement System (PPMS) in Vibrating Sample Magnetometer (VSM) configuration. Magnetization loops, M(H), were recorded at 300K with applied field varying between ± 5T. The highest field value was generally not enough to reach the magnetization saturation of the powders. The saturation magnetization values, Ms, were determined by extrapolating the M(1/H) curves to 1/H = 0.
Results and Discussion
One-pot microwave synthesis of M-SrFe12O19 particles
The XRD pattern of the samples prepared at a temperature higher than 200 °C using a heating rate of 25 °C.min [37] . The ferrihydrite is a class of poorly crystalline iron oxy-hydroxide with the average composition FeOOH·x H2O (0.2-0.4). The most described is the so-called six-line ferrihydrite (6Fh) (ICSD code: 97586) which is a mixture of two components, a defect-free and a defective phase. Both phases crystallize with a hexagonal structure with a strong disorder on the cation site occupancy [38, 39, 40] . A seventh line may appear for powder with a good crystallinity [41] . The formation of a seven-line ferrihydrite (7Fh) as Morphology, structure and microstructure of the quasi-pure strontium hexaferrite SrFe12O19 powder, synthesized at 200 °C were investigated in detail. SEM and TEM analysis showed thin hexagonal platelets (Fig. 2) . The particle diameter varies between 400 and 1200 nm (mean diameter Dm = 1000 nm), the mean thickness is Tm = 30 nm and the mean aspect ratio ARm = Dm/Tm = 33. Some particles tend to stack sideway forming thicker agglomerates. A typical EDS spectrum of the powder is given in the supplementary materials (Fig. S2) . The experimental molar ratio Fe/Sr was equal to 11.5, very close to the SrFe12O19 stoichiometry. X-ray profile of the nanopowders has been refined by ''full pattern matching'' in the P63/mmc space group using Fullprof program and leads to the following unit The broadening of the XRD lines was found to strongly depend on the (hkl) indexes indicating a strong anisotropy of the crystallites. The (006) line was found broader than the (110) line revealing a smaller crystallographic coherence along the c axis than perpendicular to it. As the (006) line is a harmonic of the (001) line, this difference is explained by a preferential growth of the hexaferrite crystals perpendicular to the c axis. This is in agreement with the formation of platelets with the c axis normal to the platelets. The mean crystallite size L(006) calculated with the Scherrer equation was found equal to 30 nm. This value is very close to the particle mean thickness measured by TEM. The mean crystallite size L(110) was found equal to 90 nm. This value is lower than the particle mean diameter showing some polycrystalline platelets. The magnetization loop M(H) at 300 K of a representative raw SrFe12O19 powder is shown in Figure   6 . A fairly open hysteresis loop is observed with a coercivity Hc = 95 kA.m 
Annealing of SrFe12O19 powders
In order to improve the magnetic properties, the pure M-SrFe12O19 powders were annealed in air at a temperature comprised between 500 and 1200°C.
The particle shape variation with annealing was followed by SEM (Fig. 3) . For annealing temperature up to 800°C the platelet morphology did not change dramatically. Very thin platelets were still observed on the SEM micrographs. After annealing at 1000°C, the platelet shape was retained but the platelet thickness increased (Fig. 3d) due to a beginning of sintering. The mean diameter (Dm) and thickness (Tm) measured on the SEM images are reported in Table 1 . Tm increased from 30 nm to more than 100 nm at 1000°C while Dm is almost constant around 1-1.5 µm. As a consequence the mean aspect ratio exhibited a steep decrease at 1000°C (supplementary materials, Fig. S4 ). Above 1050°C the particles appeared totally sintered (Fig. 3e, 3f ) with Dm and Tm that strongly increased (Table 1 ).
The XRD patterns of the annealed powders recorded at room temperature showed that the MSrFe12O19 phase was maintained after annealing (Fig. 4) . It is interesting to note that hematite appears as a secondary phase for the annealing temperature range of 500-950°C that may result of the crystallization of a minor amorphous phase present in the raw powder. The relative amount of hematite was found equal to 4% at 500°C and decreases progressively at higher temperature (3% at 900°C, 1% at 950°C) and finally disappears totally at 1000°C (Fig. 4) certainly due to the formation of a solid solution with the hexaferrite phase.
The parameters a and c of the M-SrFe12O19 phase extracted from the Rietveld refinements are reported in Table 1 . a and c decrease steadily when the annealing temperature increases in the range 500-1000°C and increases for calcination temperature above 1000°C (Tab. 1). The maximum contraction of the lattice parameters was observed after annealing at 1000°C with ∆a/araw = -0.044 %, ∆c/craw = -0.172%. and ∆(c/a) = -0.127 %. Fig. S6 ). The crystallite anisotropy almost disappears for the annealing temperature of 1050°C (Fig. 5b) . Above 1100°C the slope of the Williamson-Hall plots was no more zero, indicating a significant contribution of the microstrains to the peak broadening (Fig. 5c) . The microstrains and the mean crystallite size, Lm, calculated using the B value extrapolated at θ = 0, increased when the temperature increased from 1100°C to 1200°C (Tab. 1). (006) and (110) which is equal to that of single crystal prepared by the ceramic route [9] .
The coercivity was almost constant for annealing temperature up to 800°C and then strongly increases to reach a maximum value of 360 kA.m -1 (µ0Hc = 0.455 T) for T = 1000 °C. Annealing at higher temperatures provoked a strong decrease of coercivity down to a value close to that of the raw powder (Fig. 7) .
The variation of the magnetic properties with the annealing temperature is consistent with the morphological and crystallite changes. M-SrFe12O19 particles exhibit very high uniaxial magnetocrystalline anisotropy with the c axis the magnetic easy axis [44] . The magnetic properties of small particles strongly depend on the particle size and shape. For the as-produced very thin platelets a competition between magnetocrystalline anisotropy and shape anisotropy is expected since the magnetocrystalline anisotropy tends to favour a spontaneous magnetization parallel to the c axis while the shape anisotropy tends to favour a magnetization in the plane of the platelets to minimize the demagnetizing effects. This effect may explain the low coercivity measured on the raw hexaferrite particles. When the annealing temperature was increased the particle and the crystallite lose their anisotropy explaining the increase of the magnetic coercivity. The optimum annealing temperature for the coercivity increase is around 1000°C. The coercivity decreasing at higher temperatures can be explained by a size increase above the critical size corresponding to the transition from a magnetic single-domain to a poly-domain configuration [2] . 
Influence of microwave heating rate
The heating rate was varied in the range 12-40 °C.min . Very thin platelets with a diameter in the range 20-100 nm were observed by electron microscopy (Fig. 8a) . The thickness of the small platelets viewed sideways was found between 5 and 10 nm. The molar ratio Fe/Sr measured by EDS on the powder was found equal to 11.7. Despite a global composition very close to the stoichiometry of the hexaferrite, the XRD pattern of the as-produced powder revealed a mixture of M-SrFe12O19 and a 7Fh like phase (Fig. 8b) . The saturation magnetization of the as-produced particles was found Ms = 13 A.m ). Previous studies showed that the ferrihydrite phase is antiferromagnetic [39] .
The weak magnetization is consistent with a mixture of a M-SrFe12O19 particles with antiferromagnetic ferrihydrite-like particles. From this value the mass percentage of M-SrFe12O19 in the mixture can be roughly estimated at 20 %.
The XRD pattern of the powder annealed at 1000 °C revealed a mixture of M-SrFe12O19 and hematite (Fig. 8b) . The relative amount of hematite, in mass percentage, was estimated by Rietveld analysis at 15 %. This amount is much lower than the estimated one of 7Fh phase in the as-produced powder. It suggests that the main part of the ferrihydrite-like particles transform into M-SrFe12O19 particles at high temperature.
After annealing at 1000 °C, the powder exhibited grains with an isotropic shape contrary to plateletshaped particles of pure hexaferrite prepared with the heating rate of 25 °C.min -1 and annealed in the same conditions (Fig. 3d) . The grain size measured on the SEM images was found in the range 300-500 nm (Fig. 8c) . and annealed in the same conditions. This result is explained by the strong difference of the powder microstructure when the starting particle size and shape were modified by changing the microwave heating rate. shape anisotropy was strongly reduced. At higher temperature microstrains appeared and the particle growth due to sintering caused a strong decreasing of the coercivity.
The heating rate had a strong influence on the particle size and composition. While pure M-SrFe12O19 exhibited a weak saturation magnetization due to the large amount of ferrihydrite particles. After annealing at 1000 °C, these powders combined a high saturation magnetization thanks to a limited amount of hematite (15 %) and a very high coercivity thanks to optimized particles size and shape.
The perspective of this work is to analyse in details the nature of the ferrihydrite phase and to explore the effects of higher heating rates on the particle structure and morphology in order to take additional advantages of the microwave heating for the preparation of particles with higher coercivity. ). The EDS analysis showed that the powders that crystallized with the hexaferrite structure do not contain other chemical element than strontium, iron, oxygen and carbon that comes from the conductive tape used to fix the powder. 
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